of the nigrostriatal pathway with symptoms becoming apparent when DA concentrations fall below ‫%02ف‬ of normal levels (Hornykiewicz, 1966). Reward-related behaviors appear to involve the mesolimbic dopaminergic system, which is comprised of the group A10 dopamin- neurons but can in noradrenergic neurons (Zhou and Palmiter, 1995). DA Ϫ/Ϫ mice are born normally but gradually stop nursing and die. These mice can be rescued Introduction to adulthood with daily administration of L-DOPA, the biosynthetic product of TH. This treatment causes them The nigrostriatal, mesolimbic, and mesocortical pathto become hyperactive for ‫6ف‬ hr and consume sufficient ways are the major dopaminergic pathways within the quantities of food and water to survive, but then they central nervous system (CNS). DA-producing cells in the become inactive and stop eating until the next injection. substantia nigra (SN) and ventral tegmental area (VTA) Analysis of brain catecholamines reveals that norepiproject topographically to specific brain regions, and nephrine levels are normal, but DA concentrations only dopamine (DA) released in these regions is postulated reach 10% to 40% of wild-type levels at the peak of their to regulate distinct behaviors (Koob, 1992; Self and Nesactivity (1 hr following L-DOPA treatment) and gradually tler, 1995). For example, the nigrostriatal dopaminergic decline to basal levels by 24 hr (Zhou and Palmiter, pathway, neurons that project from the SN to the stria-1995; our unpublished data). When this daily regimen is tum (caudate putamen), is thought to be intimately interminated, DA Ϫ/Ϫ mice stop eating and drinking, lose volved in the control of locomotion because selective weight, and expire within 3 days of their last injection. 6-hydroxydopamine (6-OHDA) or N-methyl-4-phenylSurprisingly, they display locomotor activity between 24 1,2,3,6-tetrahydropyridine (MPTP) lesions of this pathto 48 hr following L-DOPA removal that is equivalent to way in rodents and nonhuman primates result in defects wild-type mice, but they eat very little ( 
Several groups have recently demonstrated that recombinant adenovirus (rAd), adeno-associated viruses (rAAV), and herpes simplex virus can transduce neurons and glial cells in the CNS and promote ectopic gene expression of TH in these cell types. TH expression decreases apomorphine-induced rotational behavior that occurs upon unilateral 6-OHDA destruction of nigrostriatal neurons. This suggests that exogenous L-DOPA production is able to partially ameliorate deficits that occur with destruction of dopaminergic neurons ( Here, we report that coinjection of two rAAVs expressing either human TH or GTP cyclohydrolase 1 (GTPCH1) rescues the lethality of DA Ϫ/Ϫ mice by selectively restoring feeding behavior to previously aphagic DA Ϫ/Ϫ mice. These viruses were injected into brain regions containing projection fields of dopaminergic neurons. GTPCH1 is the rate-limiting enzyme in the synthesis of tetrahydrobiopterin (BH4), an essential cofactor for TH function (Nichol et al., 1985; Levine et al., 1990) . It is expressed preferentially in cells that produce monoamines or nitric 
Results

Coinjection of rAAV Expressing Human TH and GTPCH1
Rescues the Lethality of DA Ϫ/Ϫ Mice with L-DOPA removal 2 months following surgery surRecombinant AAV engineered to express either human vived for 2 weeks before they were sacrificed ( Figure 1B ).
TH (rAAV-TH) or GTPCH1 (rAAV-GTPCH1) were injected
None of the GTPCH1 group survived with this challenge. bilaterally into the ventral caudate putamen of adult Because BH4 appears to be required for L-DOPA pro-DA Ϫ/Ϫ mice. Groups of mice were generated via direct duction in rescued mice, we attempted to stimulate injection of rAAV expressing TH alone, GTPCH1 alone, feeding in the TH alone group with intraperitoneal injecor a 1:1 mixture of the two viruses (designated as mixed tions of either BH4 or a more stable methylated derivavector). Because gene expression from transgenic rAAV tive, DL-6-methyl-5,6,7,8-tetrahydropterine (PH4). Sevis delayed for several days after viral transduction, daily eral concentrations (25, 50, and 100 mg/kg body weight) L-DOPA treatment was continued for 6 to 7 days after of both drugs were tested, but none were successful at viral delivery to allow for expression of TH and GTPCH1 stimulating feeding over a 2 hr period (data not shown).
(Kessler et al., 1996; Miao et al., 1998). Then the ability
Because an effective concentration of BH4 or PH4 to survive without L-DOPA treatment was assessed by reaching the brain was not achieved with a single injecmonitoring food intake and body weight. Mice that contion, we also attempted to reach a therapeutic dose by sumed greater than 50 g/kg body weight and lost less using an osmotic minipump delivering a solution of PH4 than 20% of their starting body weight were monitored at a rate of 100 mg/kg/hr over 7 days. Minipumps were for an additional 24 hr without L-DOPA treatment. To implanted into a subset of the TH alone group (n ϭ avoid casualties, animals below this threshold were kept 4), but this treatment was also ineffective at promoting alive with daily L-DOPA treatment and were tested for survival when L-DOPA was removed (data not shown). survival at regular intervals thereafter. Most of the mixed vector group (20 of 23 injected mice) survived when Feeding Behavior of Rescued DA Ϫ/Ϫ Mice L-DOPA was removed 7 days following surgery; howOn the first day after L-DOPA removal, the average ever, neither the TH nor GTPCH1 groups met the above amount of food ingested by the mixed vector group criteria and were, therefore, treated with L-DOPA ( Figure  1A) . A few of the TH alone group (three of ten) challenged (65 Ϯ 11.2 g/kg body weight) was greater than quantities quantities of food that were similar to the mixed vector group on the first day following L-DOPA removal. Thereafter, they began to eat less than the mixed vector group (Figure 2A) . However, the amount of food consumed was significantly greater than GTPCH1 injected mice or untreated DA Ϫ/Ϫ mice monitored 24 to 48 hr following their last L-DOPA injection ( Figure 2B ).
Body weight measurements were consistent with food consumed by DA Ϫ/Ϫ mice removed from L-DOPA treatment but was less than wild-type mice (Figure 2A ). The
Ambulatory and Motor Activity in Rescued Mice
In the process of monitoring food intake and body 24 hr food consumption increased over the next 7 days, and by the end of the week, 87% of the mixed vector weight, we noticed that most rescued mice were inactive at the time of data collection regardless of whether meagroup (20 of 23 mice injected) consumed quantities of food that were equivalent to wild-type mice. Beginning surements were taken during the light or dark cycle. Therefore, we measured their ambulatory activity over at ‫2ف‬ weeks following removal of L-DOPA, their food consumption fell to ‫%08ف‬ of wild-type levels, but all 24 hr ( Figure 3A) . The ambulatory activity of rescued mice (mixed vector, n ϭ 20; TH alone, n ϭ 3) was signifithe mice appeared healthy, and their body weights continued to increase ( Figure 2C We have previously shown that DA Ϫ/Ϫ mice are aphavector group, but was 0.283 in the TH alone group, gic and expire at 2 to 4 weeks of age without treatment indicating that turnover was elevated in the TH alone but can be kept alive by daily L-DOPA injections (Zhou group. Thus, both DA content and turnover rates were and Palmiter, 1995). By 9 hr after their last injection with closer to wild-type values in the mixed vector group, L-DOPA, they cease to eat enough to maintain body which is consistent with the behavioral differences obweight even though they are able to run, jump, and climb on cage tops in a fashion that is quantitatively similar served between the two groups.
to wild-type mice (our unpublished data). The DA Ϫ/Ϫ levels of DAT, which would facilitate DA uptake into dopaminergic neurons (our unpublished data). Furthermice grasp chow pellets and ingest small amounts of food during the second day following L-DOPA treatment, more, the DOPAC/DA ratio in rescued mice is similar to wild-type mice, suggesting that normal DA metabolism but they do not continue to eat even though they are nutritionally deprived. These observations suggest that has been established. It is also possible that some dopaminergic neurons are transduced through their axons DA Ϫ/Ϫ mice possess the motor capabilities to eat, but they lack a drive to initiate and maintain feeding and and that the viral DNA is transported retrogradely to the cell bodies where it is transcribed. In this case, rAAV thus terminate feeding prematurely.
expressing TH alone would be sufficient. The fact that the mixed vector was much more effective at rescuing Mechanism of Gene Therapy in DA Ϫ/Ϫ Mice DA Ϫ/Ϫ mice than rAAV-TH expressing TH alone argues In wild-type animals, L-DOPA is synthesized from tyrothat this is not the major mechanism involved, but it may sine in dopaminergic neurons by action of TH and then contribute. TH alone, indicate that bilateral transduction of cells in ventral brain regions is critical for normal feeding. would be able to package and release the DA. After release, DA could be taken up by dopaminergic termiAlthough the shell of the NAc has been implicated in feeding by other techniques (Maldonado-Irizarry et al., nals via the DAT. DA is also readily metabolized by monoamine oxidases and catecholamine methyl trans-1995), we did not observe high levels of TH expression within this nucleus. Instead, we detected extensive bilatferase; thus, after a single injection of L-DOPA, DA levels peak at about 1 hr and decline to barely detectable eral transduction in regions ventral and lateral to the NAc. It is possible that DA diffuses a short distance to levels 9 hr later.
Our strategy was to inject the rAAVs into the projection the NAc or that neuronal projections of virally transduced cells project to the NAc and release DA, but close fields of dopaminergic neurons in the ventral CPu and NAc. The most likely scenario for rescue is that nondoanalysis of the NAc of rescued mice did not reveal THimmunoreactive fibers. paminergic neurons at the site of injections are transduced by rAAV. Most of the cells probably do not exOur data indicate that cotransduction with TH and GTPCH1 is essential for early and prolonged rescue. press GTPCH1; thus, with rAAV-TH alone, these cells probably rely on subthreshold levels of BH4, and conse-GTPCH1 not only provides an essential cofactor for enzymatic activity but may also stabilize TH against degraquently, they would synthesize very little L-DOPA.
It is readily apparent that TH immunoreactivity in the dation. The fact that GTPCH1 is required indicates that most of the transduced cells are not capable of making CPu is within cells with cell bodies and projections that resemble neurons. They are most likely medium spiny adequate BH4. Surprisingly, none of our attempts to supply BH4 peripherally were able to restore feeding in GABAergic neurons because they are the most abundant neurons in this region, but various interneurons are mice transduced with rAAV-TH only. Thus, the mixed vector approach ( 
